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Abstract

The morphology and rheological properties have been studied for poly(tert-butyl acrylate-g-styrene), PtBA-g-S, graft copolymers through the

analysis of different samples that varied in the number of grafted repeat units. Small-angle X-ray scattering (SAXS) measurements confirmed

phase separation in these samples, and showed the presence of disordered microdomains on those copolymers with a grafting number higher than

7. SAXS results have also shown a significant improvement of microdomain segregation with temperature manifesting considerable changes in

both intensity, position and full-width half-maximum of the peak q*, which is attributed to the graft-like nature of these systems. The frequency

dependence of the dynamic moduli revealed three relaxation mechanisms. The low-frequency (long time) relaxation was identified with the

movement of the whole molecule, the relaxation at intermediate time is related to movement of the grafts, and the high-frequency relaxation is like

that found in the transition zone of main chain of poly(tert-butyl acrylate), PtBA. The rheological measurements indicated that the introduction of

a small amount of polystyrene, PS, grafts in the PtBA backbone is sufficient to modify mechanical behaviour at low frequencies. Comparison of

the rheological properties of the graft copolymers with higher PS content showed that the observed changes in the viscoelastic behaviour under

shear seems to be related to both the microphase separated microstructure and the number of grafts present in the copolymers.

q 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Block copolymers are versatile in displaying a wide

assortment of possible compositions, architecture and mono-

mers, which lead to dramatic changes in self-assembly at the

mesoscale level and, consequently, in physical properties [1].

One of the most striking features of this type of macromolecule

is that, in the molten state, the different chemical units might

separate into microphases at low temperatures to form ordered

microdomains. Although block copolymers have been the

subject of extensive investigation during the past three decades,

fewer studies were devoted to the morphology and physical

properties of block copolymers with non-linear architectures,

such as, i.e. star blocks and graft copolymers [2].
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Grafted molecular architectures, respective topologies, are

shown to be an additional factor which affects the morphological

behaviour of these block copolymers, in addition to volume

fraction and degree of segregation. Although the experimental

data for graft copolymers are scarce, theoretical studies have

pointed out several features with respect to linear diblock

copolymers [3–5]. These studies have shown the different

particularities that present these non-linear systems with respect

to the corresponding linear diblock copolymers, due to mainly its

inherent asymmetry. Moreover, Benoit and Hadziioannou [5]

have developed a general theory to predict the scattering profiles

in the homogeneous state, and phase separation behaviour of

multiblock copolymers analysing various architectures such as

linear, graft and star. These two authors described in detail the

influence of different fundamental variables on these scattering

profiles (such as the radius of gyration of each block, degree of

polymerisation, number of sequences, polymolecularity in

molecular weight and composition).

On the other hand, the presence of long chain branching has

a dramatic effect on dynamical and rheological behaviours in

well-entangled polymers. The theory is particularly well-
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developed for the rheology of homopolymers with the simplest

branched architecture. Model polymers with well-defined

architectures have been crucial in advancing the understanding

of polymer melt dynamics. The success of these theories in

describing the simplest polymer architectures, such as linear

and star polymers, has stimulated further development in the

understanding of the dynamics of melts of more complicated

architectures, such as star–star [6] and star–linear blends, [7] as

well as H-shaped polymers [8]. These investigations motivated

the study of comb-shaped polymer melts. Novel and

significantly different linear rheological response was found

at lower frequencies in comb polymers compared to other

branched macromolecular structures [9,10].

However, most experimental and theoretical (being the

great relevance the contributions of Larson on the quantitative

models [11]) studies reported in the literature focus on

homopolymers [12–20]. In contrast, the rheological behaviour

has been studied less extensively in block copolymer materials

with branched architecture (for example, graft copolymer

(ABn), miktoarm star copolymers (AnBm) and miktoarm star

terpolymers (ABC)). Therefore, a whole new dimension in

block copolymer research is stimulated by concerning,

primarily, the interplay of molecular architecture (topology)

and the phase separated morphology on solution and melt

properties of these block copolymer systems.

Graft copolymers have long been of interest as a result of the

diverse and important technical applications, such as interface

compatibilizer in blends. Several studies of these copolymers

have been carried out previously, however, many of these

works were limited to samples with well-defined architectures,

[2a,b] paying less attention to those samples commonly used as

blend compatibilizers, which generally present higher poly-

dispersities and/or ill-defined architectures.

The aim of this investigation is to study such block

copolymer systems by examining the morphological aspects,

and the effect of the grafted architecture on the rheology of a

set of graft copolymers. Poly(tert-butyl acrylate-graft-styrene),

PtBA-g-S, have been synthesized with different grafting

densities by free-radical polymerisation using the macromo-

nomer technique [21]. Therefore, all the copolymers have a

backbone of poly(tert-butyl acrylate), PtBA, with a molecular

weight of w150 kg/mol and grafts of polystyrene, PS, of

13 kg/mol molecular weight, where the PS-chains are

statistically distributed along the acrylate backbone. The
Table 1

Molecular characteristics and rheological parameters of the PtBA-g-S copolymers

Polymer �Mn (kg/mol) �Mw (kg/mol) Ngraft Tg
a (8C) C

PtBA 148 379 – 75

PtBA-g-S1 175 465 7 76 2

PtBA-g-S2 170 509 10 77; 114 1

PtBA-g-S3 178 569 15 79; 115 1

PtBA-g-S4 204 797 32 81; 117

PS 13.0 13.6 – –

a Estimated by dynamic mechanical measurements (tan d) under bending deform
b Calculation of apparent plateau modulus from Eq. (2), assuming backbone is d
synthesis, thermal properties, solid-state viscoelastic beha-

viour, and microhardness measurements of these graft

copolymers were described in earlier papers [21,22]. The

specimens were prepared by compression moulding in order to

correlate the viscoelasticity and microhardness with their

morphology and rheology response. The published reports on

this material indicate a phase separation and, therefore, the

existence of microdomains of the two components for a

determined degree of grafting. This is the starting point for the

X-ray and melt rheology study (TOTg) presented here.
2. Experimental

2.1. Graft copolymers

The methods used for the synthesis and characterization of

these graft copolymers were given in a previous paper [21].

Some of their molecular characteristics, such as the values of

the apparent weight-average, number-average molecular

weight and number of grafts per chain obtained are listed in

Table 1. This table also includes the glass transition

temperatures, estimated from dynamic mechanical measure-

ments under bending deformation, for the different samples

investigated [22].
2.2. Specimen preparation

For rheological and SAXS measurements, the samples

PtBA, macromonomer PS, and the different graft copolymers

were processed by compression moulding in a press between

hot plates (disks with 8 mm of diameter and a thickness of

1 mm), at temperatures of 90 8C (PtBA) and 120 8C (PS and

PtBA-g-S), at a pressure of 2 MPa for 20 min. Subsequently,

they were quenched to room temperature. Additional copoly-

mer films were prepared by casting from a w5% (w/v) toluene

solution. To further promote the formation equilibrium

morphologies, the bulk films were annealed under vacuum at

120 8C during 72 h. The films were then cooled slowly to room

temperature.
2.3. Techniques

Small-angle X-ray scattering, SAXS, measurements were

performed employing synchrotron radiation (with lZ
and homopolymer samples, PtBA and PS (reference temperature 120 8C)

1 C2 (K) G0
N 1st app

(Pa)

G0
N 2nd app

(Pa)

G0
N ðcalcdÞ

b

(Pa)

6.9 140.3 6.4!104

2.9 370.5 1.0!105 2.7!104 4.0!104

1.6 155.0 1.1!105 2.8!104 3.0!104

3.3 128.9 2.3!105 1.9!104 2.4!104

9.0 86.3 2.2!105 1.1!104 1.2!104

8.3 83.1 – – –

ation [22]. For PS sample could not be determined due to the film fragility.

iluted by the grafts and aZ2.22.
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0.150 nm) in the beamline A2 at HASYLAB (Hamburg,

Germany). A linear position-sensitive detector was used at a

distance of 235 cm from the sample and calibrated with the

different orders of the long spacing of rat-tail cornea

(LZ65 nm). It was found to cover a spacing range from 5 to

55 nm. A heating rate of 10 8C/min was used, acquiring data in

time frames of 30 s. More details on the instrumentation can be

found in Ref. [23]. The profiles are presented as a function of

magnitude of scattering vector q, which is given by

qZ(4p/l)(sin(q/2)), where l and q are the wavelength of

X-ray and the scattering angle, respectively. The scattered

intensity is shown in a logarithmic scale in arbitrary units.

Rheological testing was performed with an Advanced

Rheometric Expansion System (ARES, Rheometrics Scienti-

fic) in the oscillatory mode with parallel-plate fixtures (8 mm)

and a 2KFRTN1-transducer. Dynamic frequency sweep

experiments were conducted to measure the shear storage

and loss moduli (G 0 and G 00) as a function of angular frequency

(u) ranging from 0.1 to 100 rad/s at various temperatures (the

highest temperature used did not exceed 180 8C). Master

curves were constructed from the isothermal measurements in

frequency sweeps using time–temperature superposition.

Frequency sweeps required to maintain a constant gap between

the plates (sample thickness) to compensate for tooling

expansion/contraction. The strain amplitude applied to each

specimen was chosen to ensure that the obtained data were

within the linear viscoelastic regime. All measurements were

conducted under a nitrogen atmosphere in order to avoid

oxidative degradation of the samples. Moreover, it was

necessary to ensure that no significant degradation of the

samples occurred at high temperatures. The initial frequency

test was always performed at 140 8C, and after testing at the

highest temperatures for a particular specimen, the measure-

ment was repeated again at 140 8C. In general, a very good

agreement was observed between the two 140 8C measure-

ments (initial and final one). The only experiment with a strain

amplitude corresponding to the non-linear viscoelastic range

was performed to induce orientational order in the material

with large amplitude oscillation (TZ130 8C, uZ1 rad/s, and
PtBA-g-S2
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Fig. 1. Real-time SAXS profiles, obtained with synchrotron radiation for PtBA-g-S2

are drawn every 5 8C.
the strain amplitude g0Z0.3). The sample was subsequently

quenched to ambient temperature and examined by SAXS.

3. Results and discussion

3.1. SAXS measurements

The microdomain morphology of block copolymer

systems depends not only on the relative volume fraction

of the constituents, but also on the processing conditions

and thermal history. It is generally recognised that the entire

spectrum of properties is closely related to the microdomain

morphology developed in the specimens. Therefore, knowl-

edge of the morphological details of a given specimen is of

special interest [24,25]. Our previous investigations con-

cerning PtBA-g-S graft copolymers showed the existence of

phase segregation in the compressed-moulded specimens

when the number of PS grafts per backbone chain was in

the order of 10 or higher.

Fig. 1 shows the corresponding SAXS profiles for PtBA-g-

S2 and PtBA-g-S4 in a heating experiment. The analysis of the

different profiles as a function of temperature allows

information to be obtained about the morphological variation

during increasing temperature in these samples. The copolymer

with the lowest PS grafted content, PtBA-g-S1, does not

exhibit any Bragg peak, thus confirming our previous DSC and

DMTA results on the non-existence of microdomains

segregation [21,22]. On the contrary, PtBA-g-S2 specimen

shows a weak and broad shoulder at room temperature that is

much better defined, increasing its intensity and moving to

higher q* values as the temperature is raised. As the graft

density increases, e.g. in PtBA-g-S4 profiles, q* is shifted to

higher values and, consequently, spacing is reduced because

the backbone block between grafts becomes smaller. The lack

of higher order reflections points out the presence of not

arranged microdomains in these samples under the current

experimental conditions used.

The variation of the relative invariant [26] calculated from

the SAXS data in the heating process gives an idea of the

macroscopic electron density fluctuations. The upper plot of
PtBA-g-S4

q* (nm–1)

0.3 0.4 0.5
25

180

T (°C)  

and PtBA-g-S4 in a heating experiment from 25 to 180 8C at 10 8C/min. Lines
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Fig. 2. (a) Relative SAXS q* intensity of PtBA-g-S2 and PtBA-g-S4 and its

derivative (inset) during the heating experiments. (b) Variation of periodicity

and (c) full-width half-maximum (FWHM) with the temperature for PtBA-g-S2

and PtBA-g-S4.
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Fig. 2 depicts different fluctuation regions from the intensity

changes. At low temperature up to around 80 8C, the first one is

related to microdomain arrangements caused after compression

moulding and quenching. Interestingly, a clear increase of the

q* intensity occurs at the beginning of this region, indicating

that important microdomain reorganization processes are

involved as the copolymer attains higher mobility close to

the glass transition of the rigid PS grafts. The second

fluctuation region is associated with these new backbone/

graft arrangements. The development of this ordering is clearly

observed in the derivative of the SAXS invariant shown as an

inset of the upper plot in Fig. 2. This ordering is dependent on

the number of grafts occurring at lower temperature, and in a

narrow temperature range as mobility of these copolymeric

systems is reduced. At the same temperature region, spacing

and width significantly decrease, indicating a morphology

densification and narrowness of diffractions, respectively, as

seen in the middle and bottom plots in Fig. 2. These features are

more pronounced in PtBA-g-S2 than in PtBA-g-S4, probably

because of initial stronger phase segregation in the latter

specimen. PtBA-g-S3 undergoes an intermediate behaviour.

In order to gain a detailed insight on absence of an ordered

regular morphology for these PtBA-g-S copolymers, additional

experiments were carried out on copolymer samples prepared

from casting with toluene and further long annealing processes

and from large-amplitude oscillation shear (LAOS) exper-

iments [1,27]. However, these SAXS results do not show any

sign of a higher order reflections. Exclusively, a light more
intense and narrower peak can be observed. These results lead

to think that the cause of the poorly organized mesophases in

the current copolymers cannot be attributed to kinetic

limitations of the imposed processing conditions. Conse-

quently, the inherent architectural asymmetry has a relevant

role in the morphological behaviour of these graft copolymers.

In accordance with experimental literature data, the

morphologies of microphase-separated non-linear block copo-

lymer, i.e. graft and star, and even blends of diblock

copolymers with homopolymers are dominated in part by

either wormlike micelles and spheres or by cylinders but not

ordered on a lattice [2,28–33]. Also, more chaotic morpholol-

ogies along with disordered bicontinuous structures, and even

small grain-like regions of more or less coherent domain

orientation were found.

3.2. Rheology

3.2.1. Linear rheology and time temperature superposition

The linear melt rheology of PtBA-g-S copolymers must be

compared to the different viscoelastic properties exhibited in

both ‘parent’ homopolymers: PtBA backbone and PS grafts.

The comparison of both viscoelastic spectra (copolymers and

the corresponding homopolymers) can be used to estimate the

influence of the PS grafts on the rheological behaviour of such

copolymers. The long time dynamics of linear homopolymer

melts are dominated by entanglements and are typically

characterized by relaxation spectra that are separated into

distinct regions. The high frequency or transition region is

associated with local polymer chain motions, and in

consequence is independent of molar mass but directly related

to the glass transition Tg of the polymer. In contrast, the low

frequency, or terminal region is associated with large-scale

rearrangements of chain conformations, and becomes increas-

ingly separated from the transition region with augmenting

polymer molar mass. The intermediate plateau region is

characterized by the plateau modulus, G0
N , which is indepen-

dent of molar mass. The magnitude of G0
N reflects the physical

structure of the polymer chains and depends on the chain molar

mass between entanglements [34].

The rheological characterisation was performed through the

construction of master curves, obtained by time–temperature

superposition of the isothermal dynamic frequency sweep data

in a temperature range from 60 to 180 8C. Excellent super-

position of both shear storage modulus, G 0, and shear loss

modulus, G 00, was observed in essentially all linear homo-

polymers, PtBA and PS. For the graft copolymers good

superposition of G 0 was generally obtained, but a slight

dispersion was observed for G 00. The horizontal shift factors,

aT, used to superimpose the curves and validate time–

temperature superposition at temperatures from 60 to 180 8C

were found to fit the WLF equation well for the different

specimens [35]. The aT values and the best fit WLF curves are

shown in Fig. 3, and the parameters C1 and C2 are listed in

Table 1. From this figure we note that the temperature

dependence of aT is intermediate between PtBA and PS for

temperatures below the reference temperature, 120 8C, while a
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different behaviour, not that of pure PtBA, is found for higher

temperatures. This feature suggests that the existence of

microdomains has influenced the rheological behaviour and

at the same time there is an additional indication that the

segregation between both blocks is not very strong, so that

there should be a substantial amount of PtBA chain even within

the PS rich domain and vice versa.

The upper plot in Fig. 4 shows the master curves G 0 and G 00

for the parent homopolymers (PtBA and PS) at the reference

temperature of 120 8C. The curves for PtBA clearly show the

usual different regions (transition where G 00OG 0, rubbery

plateau where G 0OG 00 and terminal region where G 00OG 0)

expected for entangled linear homopolymers. On the other

hand, the viscoelastic behaviour for PS is typical of polymer

melts of low molecular weight, since Mn is lower than the

average molecular weight of chain entanglement, Me, which is

around 17 kg/mol [35]. Consequently, PS presents a viscous-

like behaviour because of the non-existence of entanglements,

and the loss modulus exceeds the storage modulus in the entire

frequency range.

The studies of the rheological behaviour of polyacrylates are

uncommon [36,37], therefore, a detailed analysis of PtBA data

was conducted. Several relevant characteristics can be seen in

the PtBA curves, especially in the rubbery and terminal zones.

One of the most important parameters in the rubbery zone is the

pseudo-equilibrium modulus of the entanglement network,

which can be related to the Me through the equation

G0
N Z rRT =Me (1)

where r is the polymer density, R is the gas constant and T is

the absolute temperature. G0
N may be calculated from the area

under the peak in the loss modulus. However, when this peak is

not clearly observed, G0
N can be alternatively calculated from

the G 0 at the frequency where tan d is at its minimum in the

plateau zone. The G0
N value estimated for the PtBA sample was

6.4!104 Pa. The use of G0
N to calculate Me provides a means
of estimating the minimum molar mass at which entanglements

occur. In this case the Me value calculated from Eq. (1) is

45 kg/mol, which is within the wide variety of published data

for other polyacrylates (i.e. poly(n-butyl acrylate)), 13!Me!
65 kg/mol [36].

On the other hand, the crosspoint of G 0 and G 00 provides

information about the elastic and viscous nature of the melt. At

the low frequency end of the entanglement plateau, a frequency

ux/2p is defined by the crosspoint of the master curves of

storage and loss moduli, i.e. G 0(ux)ZG 00(ux). At this

frequency, the moduli have a value of 6.2!103 Pa.

The lower plots, Fig. 4(b) and (c), depict the master curves

for the same two magnitudes, G 0 and G 00, in the graft

copolymers with the lowest and highest graft content, PtBA-

g-S1 and PtBA-g-S4, respectively, at a reference temperature

of 120 8C. The samples PtBA-g-S2 and PtBA-g-S3, showed an

intermediate rheological behaviour between the ones presented

in this figure. The entire range of viscoelastic behaviour is not

observed in these data, since the terminal region was

inaccessible for all of the samples due to the phase separation.

From these plots, the typical rheological ‘signatures’ can be
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observed which are expected from entangled comb-shaped

structures [9,10], where different types of entanglements can

operate, such as backbone–backbone, backbone–graft and

graft–graft entanglements.

Considerable differences can be observed by comparison of

linear viscoelastic spectra of the graft copolymers with the

ungrafted polymer, PtBA, if the same reference temperature is

applied. Starting with the response at high frequencies, the

sample PtBA-g-S1 presents a transition region practically

identical to that observed in PtBA (nearly the same crossover

frequency to glass). Contrary to these two samples, the

copolymer with more grafts, PtBA-g-S4, clearly exhibits a

different behaviour. The segmental dynamics is slower by

nearly 2.5 decades, as demonstrated by the shift of the

crossover frequencies from segmental to Rouse-like dynamics

in Fig. 4. At the same time, the shear modulus at the transition

zone is reduced. This is attributed to the much higher fraction

of non-entangled glassy polystyrene compared with that in the

other samples, which slows down the overall dynamics of the

graft copolymer. Another feature of this sample is that the

corresponding modulus at the crossover frequency to the glassy

state is lower than those normally observed in a homopolymer,

i.e. PtBA, and/or the sample PtBA-g-S1.

More significant changes are observed at lower frequencies

in the range of the entanglement plateau. A small amount of PS

chains in sample PtBA-g-S1, is sufficient to broaden the

entanglement plateau in the direction of lower frequencies,

covering about eight decades. The increase in depth and

broadening of the entanglement plateau could be a primary

feature of the rheological behaviour of graft copolymers, and

should be a result of the interfaces. The dynamic moduli

frequency curves of the graft copolymers show two inflexions

in the plateau region, indicating the direction of two relaxation

processes. Therefore, this broad rubbery plateau is character-

ised by two regimes. Both G0
N values were calculated from the

G 0 curves at the frequencies at which tan d shows a minimum

(see below). A primary apparent plateau at higher frequencies

(G0
N 1st app., see Table 1) is due to the relaxations of the grafts.

It is better defined as the number of PS grafts on the main chain

increases, and is particularly obvious in the shape of G 00 curves.

This assignment is in agreement with Roovers and Topor-

oswski [18] who postulate that the reptation of the backbone is

conditioned by a previous mechanism of relaxation of the

grafts. In this case though, the grafts are so small that they form

no entanglements, but act as a diluent and additionally as a

structural unit that generates interfaces. The relaxation of the

PS chains may be sufficient to limit the relaxation of the

backbone. Then, the relaxation of the backbone is possible by

constraint release, a process in which the polymer segments

can move whenever their entanglements are temporally

abandoned. This process has been proposed in the literature

[18].

At low frequencies, the onset of a secondary apparent

plateau appears (G0
N 2nd app., see Table 1) when the grafts are

completely relaxed. This is attributed to the relaxations of the

backbone (i.e. all the segments of the graft copolymer between

two graft points). The proposed relaxation of the effective
backbone occurs by release of constraints, these restrictions

being mostly of the backbone–graft type. Elastic modulus

curves at this frequency range do not behave in the same

manner as at higher frequencies (G0
N 1st app. is enhanced when

the number of PS chain on the main chain increases). The graft

copolymers show not only a smaller apparent plateau as the

graft density increases, but also a smaller normal plateau of

the linear polymer. The decrease of values of G0
N means that the

backbone in the graft copolymer is far less entangled as

the number of PS grafts increases. The value of this apparent

plateau modulus can be calculated by assuming that the grafts

act simply as a diluent for the backbones, and so it is possible to

estimate it from the following equation

G0
NðfÞZG0

NðfZ 1Þfa (2)

where the exponent a has a value between 2.22 [38] and 2.0

[39]. From Table 1 it can be seen that using a value of 6.4!
104 Pa for G0

NðfZ1Þ (the plateau modulus for the backbone,

PtBA, as shown in the same table) and aZ2.22 gives quite a

reasonable agreement with the data measured for these

copolymers.

At the same time, the increase of PS grafts apparently

reduces the width of the second plateau. This seems to indicate

that the longest relaxation time (accessible experimentally)

may depend on the number of grafts. The large graft spacing in

PtBA-g-S1 compared to the PtBA-g-S4 may provide greater

possibility for local cooperation between backbone and grafts.

This can be clearly seen in the G 0 curves of PtBA-g-S4 sample

at the crossover from the entanglement plateau to terminal

behaviour, although the frequency ux is not experimentally

accessible (ux is approximately the inverse single chain

relaxation time in the disordered state) [40].

These findings suggest that the dominant mechanism of

relaxation in these copolymers is the graft relaxation (this is

more evident for the copolymer with a larger number of grafts).

This type of behaviour is characteristic of a variety of

macromolecular systems with a large total molecular weight

relaxing via branches or segments, generally with small

molecular weight below Me. Examples include various non-

linear branched polymers [2c], such as dumbbell copolymers

[41], super-H-shaped block copolymers [42], etc. Moreover,

other polymeric systems, such as that formed by block

copolymer micelles in a homopolymer matrix present also

three modes of relaxations, similarity to our system under

studied [43].

However, it is important to take into account that the

dynamics of a graft copolymer is much more complex than in a

graft homopolymer. Its rheological behaviour is conditioned by

two factors. On one hand, the macromolecular architecture (the

number of grafts distributed along the backbone) affects

the topology and, on the other hand, the topology leads to the

existence of ordered mesophases. The morphology leads to a

strong non-linear response. Besides, topological defects

present in imperfectly ordered and/or disordered mesophases

also affect linear rheological properties. In view of these

considerations, it is important to note that in the samples where
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structural microdomains are better developed (where the

polystyrene represents a large fraction, mainly in PtBA-g-S4,

according to SAXS measurements), the slopes of G 0 in the zone

of the secondary apparent plateau takes a value close to 0.4.

However, this slope takes a value around 0.2 in that sample

where microphase separation is not observed, PtBA-g-S1.

These changes in the scaling exponent in the second apparent

plateau can also be related by an alteration in the backbone

relaxation mechanisms of the PtBA-g-4 sample caused by the

presence of many graft points, as was mentioned before [17].
10–6 10–5 10–4 10–3 10–2 10–1 100 101 102
103

104

ω·aT (rad/s)

Fig. 5. Comparison of the dynamic viscosity master curves as a function of

frequency of PtBA-g-S copolymer samples and the linear parent PtBA (the data

are fitted to Eq. (3)). Reference temperature is 120 8C.
3.2.2. Application of Cox–Merz rule

At the lowest frequencies, PtBA exhibits a viscous-like

behaviour. The viscoelastic properties in this terminal zone are

dominated by different parameters that were calculated from

Briedis and Faitel’son equation which is equivalent to the

Cross model [44]. Actually, this is a particular case of Carreau–

Yasuda equation [45] but uses a special case of the Cox–Merz

rule where the dynamic viscosity h 0(u) is analysed instead of

the steady-state viscosity function hð _gÞ or the absolute value of

the complex module jh*j.

h0ðuÞZ h0=½1C ðt0uÞ
a� (3)

where h0 the Newtonian viscosity, h0Zlimu/0h
0. t0 is a

relaxation time which inversely accounts for the onset of non-

linear pseudoplastic region, and a is a pseudoplasticity or shear

thinning index in the range of 0–1. The estimations of these

parameters for the PtBA sample gave the following values:

h0Z5.9!105 Pa s, t0Z1.6!103 s and aZ0.58. An additional

rheological parameter of the terminal zone is the steady-state

compliance, J0
e , defined by its calculation according to the

equation

J0
e Z ð1=h2

0Þlimu/0ðG
0=u2Þ (4)

This parameter was obtained by extrapolation of the master

curves of G 0 and G 00, giving a value of 1.04!10K4 PaK1.

Another remarkable viscoelastic feature that characterises

these polymeric materials is that the melt viscosity is usually

higher than that of linear polymers of a similar molecular

weight, as is well established in the literature, (h0)combO(h0)lin.

Thus, for example, Graessley et al. [15–17] observed on model

branched star and comb materials (polystyrene and poly-

isoprene) lower Newtonian viscosities in comparison with

linear polymers at the same molecular weight, but an

enhancement if these values were compared at a constant

radius of gyration. On the other hand, the studies of Long et al.

[12] (poly(vinyl acetates)) and Kraus and Gruver [13,14]

(polybutadienes) on comb polymers showed that the melt

viscosity of these materials was usually higher than that of

linear polymers of the same average molecular weight.

Similarly, it has been noted for conventional slightly long-

chain-branched polyethylenes that the viscosity at low shear

rates (in the linear region) may be several times greater than the

viscosity of linear polyethylene for the same molecular weight

[19,20].
The dynamic viscosity master curves are represented in

Fig. 5 for the distinct graft copolymers and the PtBA

homopolymer. The copolymer specimens show a continuous

shear thinning region in the frequency range considered,

without any indication of levelling off at low frequencies due to

the introduction of PS grafts in their architecture. However, in

PtBA, the levelling off region is observed, since the terminal

zone is experimentally reached for this polymer, as seen in its

master curve in Fig. 4. Consequently, the value of the

parameter h0 cannot be associated with the linear (Newtonian)

viscosity of the general linear viscoelastic model for the

copolymers. However, a clear increase of viscosity (several

orders of magnitude) at lower frequencies is observed due to

their higher hindrance of reptation introduced by grafts, or the

dominantly elastic response due to the large amount of

interfaces [46].
3.2.3. Van Gurp–Palmen analysis

To obtain additional information on the influence of

molecular architecture on the rheological response of these

samples, the so-called Van Gurp–Palmen analysis [47,48]

was performed. This method consists of plotting d (ZtanK1

[G 00/G 0]) vs the magnitude of the complex modulus, jG*j

(Fig. 6), and it was used primarily for the characterisation of

long chain branching homopolymers, such as polyethylene

(giving information about the length and amount of branches)

[20]. For linear polymers such as PS, d is nearly 908 at low

values of jG*j, meaning that the sample response is almost

entirely viscous. The point at which the d value precipitously

drops down (corresponding to complete elastic modulus) is

close to the plateau modulus. The behaviour for PtBA

homopolymer is different from that exhibited by PS. This

response can be related to its side chains composed by bulky

tert-butyl groups, in addition to the polydispersity of the

sample. Totally different are the Van Gurp–Palmen curves of

the graft copolymers with respect to the PtBA homopolymer.
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Fig. 6. Van Gurp–Palmen plots for several PtBA-g-S copolymers. PtBA and PS

homopolymers data are also plotted for reference.
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Note that the minima in d are close to the values of the apparent

plateaus. This can be used to estimate the secondary plateau

modulus for samples, which could not be calculated from the

integration of the G 00 data. Moreover, the differences in the area

under the curves are related to the degree of grafting, as shown

in this figure.
3.2.4. Comparison with linear block copolymer systems

It is well established that physical characteristics of phase

separation in block copolymer systems, i.e. typical triblock

copolymers (consisting of outer PS blocks and inner

polybutadiene or polyisoprene) persists beyond the upper

(PS) glass transition temperature. Their unique thermo-

mechanical properties are associated with multi-phase mor-

phology of PS microdomains dispersed in a continuous rubbery

matrix, by the hard polystyrene microdomains, and by the

slippage of the entangled rubbery chains, which contributes to

delay the ductile failure of the PS microdomains. This

behaviour is analysed in-depth in the literature [27a,49] for

linear block copolymers, and has also been described on a few

occasions in graft copolymers. A recent study demonstrated

that copolymers containing non-polar hydrocarbons such as

polyisoprene in the main chain, and polar functional segments

of poly(methyl methacrylate) or PS as side chains show these

mechanical properties [33]. The results presented here show

that these copolymer systems exhibit a behaviour similar to

classical thermoplastic elastomers. PS grafts cause rigid

domains connected to a more flexible PtBA backbone. Grafts

and backbone segregate to form pseudo-two phase aggregates

due to thermodynamic differences. In addition, investigation of

the response of graft copolymers under linear deformation is

essential for the understanding of molecular dynamics in

systems much more complicated than graft homopolymers.

This complexity is due to occurrence of a phase-separated

morphology that strongly affects the linear viscoelastic

response, especially at long time/low frequency. Therefore,
more studies are needed to elucidate the interplay between

single chain behaviour and the dynamics of structural elements

within the phase-separated polymer melts.
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